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ABSTRACT
The objective of this thesis is to investigate chemically – driven gel actuators and
their usefulness to perform mechanical work. The thesis work has mainly concentrated on
chitosan as the gel actuator material. Chitosan is a widely used biopolymer that shows a
large volume transition through changing pH.
The pH induced actuation behaviour of polymer gels makes these materials
analogous to a biological muscle. From a mechanics viewpoint, polymers gels are very
compliant, unlike more common engineering material such as metals or ceramics or even
most polymers.
.

The mechanical work output of an actuation system is determined from a

combination of the displacement and force generated. A complication arises with gel
actuators since prior work has shown that the application of an external force can change
the gel volume transition. Very little information is available regarding the specific effect
of an external load on the displacement generated by a gel actuator.
The thesis included experiments on a homogeneous solvent swollen rubber as a
model system. Actuation of the rubber was effected through solvent exchange.
The mechanical actuation was investigated by three different approaches: Linear
Elastic, Thermodynamic and Linear Elastic generalized to 3D (finite element model).
These models are to account for both the mechanical properties and the actuation
behaviour of these materials. Uniaxial mechanical testing has been conducted on natural
rubber and chitosan gel in both the fully expanded and fully contracted states, and the
material parameters from these mechanical tests were used in the various models. The
model and material parameters are then used to predict the rubber/chitosan actuation
behaviour under isotonic loading.
Actuation tests on chitosan fibres showed unexpected results. Chitosan fibres
showed a considerable strain difference between length and diameter during free
actuation. An applied load during actuation process gave completely unexpected results:
contraction in the length direction when expansion was expected and vice versa.
The 3 - dimensional elastic approach based on the Finite Element Model was
modified from the isotropic material (natural rubber) to account for the anisotropic
chitosan fibres. This model enables a reasonable estimate of the Young’s modulus and
Poisson’s ratio. The results suggest that the materials have different Young’s modulus in
the longitudinal and transversal directions which produces a high expansion in the
III

transversal direction in comparison with the longitudinal, affecting directly the actuation
process.
Moreover the changes in Poisson’s ratio and modulus due to a change in the
chemical environment (pH or solvent) were also shown to account for the unexpected
actuation results.
Useful dynamic information on the molecular scale was obtained on the structure
of the fibre using a real-time small angle X-ray scattering (SAXS) technique. Parameters
(particularly correlation lengths and intensity) fitted to the experimental data clearly
indicated structural differences in the directions perpendicular and parallel to the fibre
axis, however detailed description of the molecular organisation requires further
investigation.
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Figure 4.16: Predicted results using the output values of the FEM for tensile stress
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Figure 4.18: Poisson’s ratio values for fixed diagonal stiffness and different K x , K yz

combinations corresponding to chitosan swollen in water. Again, the ratio
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Figure 4.19: Longitudinal and transversal forces applied to the cubic geometry. 150
Figure 4.20: Predicted deformation from dry to swollen in water under 3 different
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Figure 4.21: Relation between stress and strain using the output values of the FEM for

chitosan swollen in a-w.
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Figure 4.22: Young’s modulus values for fixed diagonal stiffness and different K x , K yz

combinations corresponding to chitosan swollen in a-w. The ratio of
was kept constant.
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Poisson’s ratio values for fixed diagonal stiffness and different K x , K yz

combinations corresponding to chitosan swollen in a-w.
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a-w.

161
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Figure 4.28: Experimental and theoretical diameter elongation for tensile stress
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Figure 4.30: Experimental and predicted values obtained by indirect diameter
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Figure 4.31: Chitosan fibre a-w to w solvent actuation predicted by the linear elastic,

thermodynamic and finite element models.
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The sample started in the dry state (t = 0).
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Length evolution of the experiment first showing actuation with very low
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Figure 5.4:

Diameter kinetics of the same sample shown in Figure 5.3.

Figure 5.5:
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172

gel held at constant load in pH 7 (expanded state) and pH 2 (contracted
state) at 15 mN load. λ values refer to unstrained/swollen state in water
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solution.

183
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Figure 5.18: Young’s modulus values for fixed diagonal stiffness and different K x , K yz

combinations corresponding to chitosan swollen in pH 2 solution.
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Figure 5.19: Poisson’s ratio values for fixed diagonal stiffness and different K x , K yz
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Figure 5.20: Simulated deformation due to the osmotic pressure and the uniaxial tensile
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Figure 5.21: Stress vs. strain obtained by the output values of the FEM for chitosan
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198

Figure 5.22: Young’s modulus values for different fixed diagonal stiffness changing the
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Figure 5.23: Poisson’s ratio values for different fixed diagonal stiffness changing the

edge trusses values for chitosan fibre swollen in pH 7 buffer solution.
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Figure 5.25: Actuation simulation from pH 2 to pH 7 transition the geometry expands
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Figure 5.26: Experimental and theoretical elongation for tensile stress applied to
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Figure 5.28: Experimental values obtained by direct and indirect actuation, and
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Figure 5.29: Experimental and theoretical diameter elongation for tensile stress
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Figure 5.30: Diameter elongation versus force for chitosan swollen in pH 7 buffer

solution.
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Figure 5.31: Experimental diameter values obtained by indirect diameter actuation,

and predicted actuation results for chitosan fibre immersed in pH 7 and
pH 2 buffer solutions.
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Spherical particles with waves scattered from two points to an angle 2θ
with a path difference of 1λ .

211

Figure 6.2:

I vs. 2θ of the scattered waves of Figure 6.1.
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Figure 6.3:

The main window for the Irena software package used for the analysis of
the 1D integrated data. The control panel on the right background imports
the 1D integrated data files from the SAXS15ID package (see Section
6.4.3 Data acquisition and processing). The main control panel is on the
left with Data Input (file selection and plotting) on the top; Modelling
Input (fitting parameter selection and results display) in the centre; and
Limits for Fitting (fitting parameter limits) in the lower section. The fitted
results are shown in the Intensity versus Q windows.
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Typical results for fitting the experimental SAXS data with the selected
theory. The fit over the entire Q range is good.
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Figure 6.5a: Photograph inside the hutch containing the SAXS/WAXS instrument on the

15ID-D beamline ChemMatCARS (APS Chicago). The sample position is
shown in the centre and the entry window for the detector vessel is on the
left. The beam collimation optics is on the right.
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Figure 6.5b: Schematic of the experimental equipment used to investigate the structure

of chitosan fibres using the SAXS technique. For Series I experiments the
transducer was used to measure fibre length as a function of load, and for
Series II experiments the transducer was removed.
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The main window of the SAXS15ID software package (written in IDL)
used to control the experiment and collect, assess and process the 2D
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2D SAXS pattern for a fibre under 16.1 mN load and pH 7. The mask (two
red lines indicating χ limits for integration) is shown for the integration of
the data about the horizontal axis. The 2D SAXS data was collected using
the MAR165 CCD.
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Figure 6.8:

3D image of the 1D integrated data for a fibre under 16.1 mN load
obtained by integrating about the horizontal axis, and displayed as a
function of time. The transitions between buffer pH2 and pH 7 are clearly
visible.
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Time sequence of a complete SAXS experiment for a fibre with 11.7mN
load. The scattered intensity is the vertical (Z) axis, the scattering vector
Q is the X axis, time is the Y axis. The transitions in pH are clearly
indicated by the intensity changes at low Q. Note the considerable noise at
high Q due to the weak scattering from the sample and the inherent noise
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Figure 6.10: Output from the transducer collected during an in-situ SAXS experiment.

The spikes in the transducer output correlate with the impact of the intense
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waves and/or electronic interference.
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Figure 6.11: Surface plots of the 1D integrated data for the SAXS experiment with the
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(b) Integration in the vertical direction.
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(open symbol - full line), determined for integration in the horizontal
direction and a function of the SAXS pattern number i.e. the time sequence
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number
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Figure 6.13: Prefactor, K0, (full symbol - dashed line) and the low Q slope, m (open

symbol - full line), determined for integration in the horizontal direction
and a function of the SAXS pattern number i.e. time sequence of the
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 5, 16;
pH 7 - pH 2 Pattern Number 11, 23.
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Figure 6.14: Surface plots of the 1D integrated data for the SAXS experiment with the

fibre under medium load (11.7 mN). (a) Integration in the horizontal
direction (b) Integration in the vertical direction.
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Figure 6.15: Prefactor, K1 (full symbol - dashed line), and the correlation length, ξ

(open symbol - full line), determined for integration in the horizontal
direction and a function of the SAXS pattern number i.e. the time sequence
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number
13, 31; pH 7 - pH 2 Pattern Number 20, 37.
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symbol - full line), determined for integration in the horizontal direction
and a function of the SAXS pattern number i.e. time sequence of the
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 13,
31; pH 7 - pH 2 Pattern Number 20, 37.
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Figure 6.17: Surface plots of the 1D integrated data for the SAXS experiment with the

fibre under medium load (16.1 mN). (a) Integration in horizontal
direction, (b) Integration in vertical direction.
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Figure 6.18: Prefactor, K1 (full symbol - dashed line), and the correlation length, ξ

(open symbol - full line), determined for integration in the horizontal
direction and a function of the SAXS pattern number i.e. the time sequence
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number
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Figure 6.19: Prefactor, K0, (full symbol - dashed line) and the low Q slope, m (open

symbol - full line), determined for integration in the horizontal direction
and a function of the SAXS pattern number i.e. time sequence of the
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 7, 19;
pH 7 - pH 2 Pattern Number 12, 24.
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Figure 6.20: The correlation length [Å], ξ, determined for integration in the horizontal

direction for the low (♦), medium (■) and high (▲) loads.
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Figure 6.21: The low Q slope, m, determined for integration in the horizontal direction
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Figure 6.22: The prefactor, K1, determined for integration in the horizontal direction
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Figure 6.23: The prefactor, K0, determined for integration in the horizontal direction
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Figure 6.24: The correlation length [Å], ξ, determined for integration in the vertical

direction for the low (♦), medium (■) and high (▲) loads.
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Figure 6.25: The low Q slope, m, determined for integration in the vertical direction for
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Figure 6.26: The prefactor, K1, determined for integration in the vertical direction for
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Figure 6.27: The prefactor, K0, determined for integration in the vertical direction for
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Figure 6.28: Correlation length of networks as a function of temperature obtained by

modelling the scattering profiles using the Debye-Bueche equation [139].
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